The key factor in long-term use of batteries 9 is the formation of an electrically insulating solid layer that 10 allows lithium ion transport but stops further electrolyte 11 redox reactions on the electrode surface, hence solid 12 electrolyte interphase (SEI). We have studied a common 13 electrolyte, 1.0 M LiPF 6 /ethylene carbonate (EC)/diethyl 14 carbonate (DEC), reduction products on crystalline silicon 15 (Si) electrodes in a lithium (Li) half-cell system under 16
reaction conditions. We employed in situ sum frequency 17 generation vibrational spectroscopy (SFG-VS) with inter-18 face sensitivity in order to probe the molecular 19 composition of the SEI surface species under various 20 applied potentials where electrolyte reduction is expected. 21 We found that, with a Si(100)-hydrogen terminated wafer, 22 a Si-ethoxy (Si-OC 2 H 5 ) surface intermediate forms due to 23 DEC decomposition. Our results suggest that the SEI 24 surface composition varies depending on the termination 25 of Si surface, i.e., the acidity of the Si surface. We provide 26 the evidence of specific chemical composition of the SEI 27 on the anode surface under reaction conditions. This 28 supports an electrochemical electrolyte reduction mecha-29 nism in which the reduction of the DEC molecule to an 30 ethoxy moiety plays a key role. These findings shed new 31 light on the formation mechanism of SEI on Si anodes in 32 particular and on SEI formation in general. 33 L ithium ion batteries are one of the most common forms of 34 energy storage devices. 1,2 For electric vehicles where 35 higher capacity is needed, the silicon based anodes are attractive 36 candidates to replace graphite based anodes due to its 37 theoretical capacity 3 of 4008 mAh/g. However, the Si lattice 38 expands up to four times its volume, 4 which results in 39 irreversible capacity loss and short cycling lifetime due to 40 continued cracking and electrolyte consumption on the 41 exposed Si surface. 5 The key factor in long-term use (cyclability 42 and stability) of such devices is the formation of an electrically 43 insulating layer that allows lithium ion transport at a reasonable 44 rate while hindering electrolyte consumption on the Si anode 45 surface, and is termed the solid electrolyte interphase (SEI). 5−7 46 Previous studies from this laboratory have indicated that the 47 nature of the electrolyte consuming reactions in lithium 48 batteries is electrode material dependent. 8,9 49 Specifically, a study using ex situ infrared vibrational 50 spectroscopy observed two different SEI compositions on Sn 51 and Ni electrodes 10 even though the same electrolyte solution 52 was used. Therefore, we may expect the electrolyte consuming 
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The SFG from the Si/SEI is interferred with by the SFG 92 intermediate species ethoxy radical 27,28 • OCH 2 CH 3 (or anion, 93 − OCH 2 CH 3 ) 29 is formed near the Si anode surface, it will react 94 with Si−H to produce a Si−OCH 2 CH 3 bond. This reaction 95 cannot take place if a thick passivating oxide layer is present. In 96 Figure 2a , we assigned the SFG peaks corresponding to Si-97 ethoxy bonds according to the work by Bateman et al., 30 and 98 SFG peaks relating to the various SEI components are as 99 follows: 31,32 2875 cm −1 (s-CH 3 ), 2895 cm −1 (s-OCH 2 ), and 100 2975 and 3025 cm −1 (both as-OCH 2 ). 101 After a 30 cycle CV at ∼0.5 V (blue line), we observed peaks 102 appearing at 2845 cm −1 (s-CH 2 ), 2895 cm −1 (s-OCH 2 ), 2920 103 cm −1 (as-CH 2 ), and 2975 and 3025 cm −1 (as-OCH 2 ). Most concentration will be below our detection limit (less than a 0.1 In Figure 4 , we present the SFG intensity (i.e., the SFG of 169 CV divided by the OCP spectrum) of EC on Si(100)-hydrogen 170 terminated after cyclic voltammetry at 1.1 V ↔ 0.8 V (black) 171 and 0.65 V ↔ 0.35 V (red). The SFG intensity profile at ∼1 V 172 has no detectible features as expected since EC reduction onset 173 potential is at ∼0.5 V. Once we lowered the applied potential to 174 about 0.5 V (red curve), new peaks appeared that we assigned 175 to poly-EC and LiEDC. Nevertheless, at ∼1 V the absence of a 176 peak at 2895 cm −1 corresponding to the s-OCH 2 group stretch 177 associated with the Si-ethoxy formation reveals that only the 178 reduction of DEC leads to Si-ethoxy formation. For poly-EC 179 we assign the peaks at 2948 and 3000 cm −1 , and the peaks 180 related to LiEDC are assigned at 2890, 2965, and 2980 cm −1 . 29
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In conclusion, by preforming SFG-VS together with CV we 
